A promising approach for the eradication of biofilm formed by the yeast Candida albicans seems to be photodynamic inactivation (PDI). This work presents a use of methylene blue (MB, 1 mM) irradiated with a red laser (output power 190 mW/cm 2 , wavelength 660 nm) for the eradication of a biofilm formed by the fluconazole-resistant (FLC-resistant) strain C. albicans CY 1123 compared to the standard strain C. albicans SC5314. The periods of irradiation corresponded to the fluence of 15, 23 and 57 J/cm 2 . Effectiveness of PDI was evident with following percentage of survived biofilm cells: 24.57, 23.46, and 22.29% for SC5314 and 40.28, 17.91, and 5 .89% for CY 1123, respectively, compared to the samples without irradiation. Light and confocal laser scanning microscopy confirmed the effectiveness of PDI. However, the morphological form of C. albicans seems to play an important role as well, since prolonged duration of irradiation did not increase efficiency of PDI on C. albicans SC5314. An experiment with the yeast-to-hyphae transition revealed that the FLC-resistant strain expressed a markedly reduced capacity to form hyphae compared to SC5314. We summarized that PDI was effective on biofilm formed by the FLC-resistant strain, but resistance most likely did not play significant role in PDI. Additionally, we observed differences in susceptibility to PDI between biofilms composed of the mycelia and only of the yeasts, and finally, the employment of a laser in PDI enabled a decreasing period of irradiation while maintaining the high effectiveness of PDI.
toxicity, low efficiency, and drug resistance. 3, 4 Additionally, the extracellular matrix in which the biofilm is embedded is a natural barrier preventing drug penetration. 5 Therefore, the development of new strategies for killing Candida biofilms is an important challenge in current Candida research. 6 In this regard, photodynamic inactivation (PDI) has been proposed as a new option to reduce the survival of the planktonic form 7 as well as the biofilms formed by Candida spp. in the different model systems; in vitro, ex vivo, and in vivo. 8, 9, 10 PDI is based on the concept in which a non-toxic dye with the function of a photosensitizer (PS) is activated by light of the appropriate wavelength, generating reactive oxygen species (ROS).
The multi-effect of ROS on different cell structures is enhanced with the direct antimicrobial effect of PS leading to the cell destruction. This is probably the main reason why resistance to PDI has not been reported yet. 11, 12 One of the most published PS is methylene blue (MB), a nontoxic phenothiazinium dye with positive charge. PDI mediated by MB has already been used for blood disinfection 13 or the experimental treatment of patients with onychomycosis. 14 Moreover, MB was successfully used for "lock therapy" in patients with end-stage renal disease receiving haemodialysis. 15 Despite the fact that PS is effective against a wide range of microorganisms, little is known about the effect of PDI on resistant microorganisms. Recently, Tardivo et al. 16 reported that PDI mediated by MB prevented amputation in the patients with diabetic feet with infections causing by multi-resistant bacteria.
As for Candida spp. with decreased susceptibility to antifungal drugs, Dovigo et al. 17 described the effectiveness of the photoactive compound Photogem, which is similar to Photofrin II, tested in vitro against a FLC/azole-resistant C. albicans strains. They found a decreased biofilm viability formed by the FLC-resistant Candida strains, but higher concentrations of Photogem were required to achieve the PDI effect compared to FLC-susceptible strains. Other research performed with the planktonic cells of C. albicans showed that PDI with dimethyl methylene blue was effective at killing C. albicans strains irrespective of their azole resistance pattern. 18 Inconsistent results of above mentioned papers but mainly a lack of information about efficacy of PDI on resistant yeasts was a motivation for this research focused on examination of the effectiveness of PDI mediated by MB and applicability of laser on a biofilm formed by C. albicans resistant to FLC.
Materials and methods

Strain selection and susceptibility testing
The standard strain C. albicans SC5314 19 
Formation of 24-h biofilm and the yeast-to-hyphae transition
Briefly; one loopful of single colonies was transferred to 20 ml of YPD broth and cultivated without (C. albicans SC5314) and with 64 μg/ml of FLC (C. albicans CY 1123) for 16 h at 37
• C with gentle shaking (100 rpm). Cells were then harvested by centrifugation (5 min, 3000 × g, 15
• C, Universal 32 R Hettich Zentrifugen, Tuttlingen, Germany), followed by two-step washing with 20 ml of phosphate buffer saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4, all chemicals from AppliChem, Darmstadt, Germany). The pellets were then suspended in 10 ml of PBS, and the final concentration was adjusted to 1 × 10 6 cells/ml using a hemocytometer. For biofilm formation, 22 Roswell Park Memorial Institute 1640 medium (RPMI 1640 medium, Biowest, Nuaillé, France) without phenol red was used, it was supplemented with 2% D-glucose and buffered to pH 7.0 with 0.165 M morpholinopropane sulfonic acid (MOPS, Serva, Heidelberg, Germany). The cell suspension (100 μl per well) was placed into 96-well flat-bottom polystyrene plates (Sarstedt, Nümbrecht, Germany) and incubated for 1.5 h at 37
• C to allow the cells to adhere. After the adhesion phase, wells were gently washed twice with PBS to remove nonadherent cells, and 100 μl of fresh RPMI 1640-MOPS medium was added to each well. Cultivation continued for 24 h at 37
The transformation from the yeast-to-hyphae of C. albicans was performed according to the protocol of Bujdáková et al. 23 (more details are in the Supplemental material).
Effectiveness of PDI on biofilm
The stock solution of the photoactive dye MB (3,7-bis (dimethylamino)-phenothiazin-5-ium chloride; LobaFeinchemie GmbH, Fischamend, Austria) was prepared in distilled water, sterilized with a membrane syringe filter with pore size >0.22 μm (TPP, Trasadingen, Switzerland) and stored at 4
• C up to a maximum of 2 weeks. In each experiment, the aliquot of dye was diluted in sterile PBS to obtain a solution of 1 mM MB; 100 μl of PBS (the control sample) or 100 μl of 1 mM MB was added to the 24-h biofilms. Cultivation continued at 37
• C for 1 h. The samples with MB were tested with and without illumination with a red laser (output power 190 mW/cm 2 , wavelength 660 nm). Different periods of light exposure were tested: 79, 120, and 300 s corresponding to total delivered energies of 15, 23, and 57 J/cm 2 . After irradiation, the samples with MB but also those with MB without irradiation, and the control biofilms without MB were scraped with tips into Eppendorf tubes, diluted in PBS with a decimal dilution set, and inoculated onto YPD plates for the determination of colony-forming units (cfu); finally cfu/ml were calculated for all tested samples after 24 h of cultivation at 37
• C. Results were evaluated as the percentage of viable cells treated with MB and irradiated with the laser or those treated with MB but kept in the dark, compared to the control sample (100%) without MB. Biofilms were prepared in three parallel wells for each set of conditions, and the experiment was repeated in at least 5 independent replicas. The data summarized in the figures present the average value with standard deviations (±SD).
Light and confocal laser scanning microscopy (CLSM)
Light microscopy (Zeiss Microscope AxioLab. A1, Jena, Germany) and confocal laser scanning microscopy (CLSM, Zeiss LSM 510 Meta, Jena, Germany) were used to observe the PDI effect. Samples were prepared in the same way as those for the 96-well plates, but 8-well chambers for microscopy (Ibidi, Martinsried, Germany) with a final volume of 200 μl were used. The samples were stained immediately after irradiation. For CLSM, two fluorescent dyes were used: calcofluor white (CW, Fluka, Buchs, Switzerland, excitation 355 nm /emission 433 nm) and propidium iodide (PI, Sigma Aldrich, Steinheim, Germany, excitation 535 nm /emission 617 nm). The stock solution of CW was 1 μg/ml, and PI was 0.1 μg/ml (w/v) in deionized water and for application, the CW was diluted 10 times. Then 30 μl of the dyes were administrated to the samples approximately 1 min before microscopic examination.
Statistical analysis
Values are means from at least 2 parallels and 5 separate experiments. Bars are standard deviations (SDs). The statistical comparison between samples was performed using one-way analysis of variance (ANOVA). Differences were considered statistically significant at P < 0.05 ( * ), strongly significant at P < 0.01 ( * * ), and extremely significant at P < 0.001 ( * * * ).
Results
For this study, the standard FLC-susceptible strain C. albicans SC5314 and FLC-resistant strain C. albicans CY 1123 were selected. C. albicans SC5314 was confirmed to be susceptible according to CLSI, with a MIC 50 of 0.25 μg/ml. The susceptibility was also confirmed by Etest (1 μg/ml). The CY 1123 strain manifested resistance with an MIC 50 of 8 μg/ml that was also determined by Etest (16 μg/ml). Results are summarized in supplemental material (Fig. S1 ). Both strains were able to form biofilms that were evaluated by light microscopy (supplemental material, the control samples, Fig. S2a, S2f) . While the biofilm of C. albicans SC5314 consisted of the hyphal form with some yeasts, the biofilm of C. albicans CY 1123 was predominantly composed of yeasts with a few pseudohyphae. This observation was also the reason why the CY 1123 strain was tested for the ability to switch from the yeast to the germ-tubes, the early stage of the mycelial form. While the strain SC5314 exhibited a high ability of transition (up to 2 h, population of the yeasts formed more than 95% of germ-tubes), the FLC-resistant strain CY 1123 was not able to form germ-tubes, despite the prolonged transformation period (4 h); only budding cells and small pseudohyphae were present. Moreover, the presence of FLC in the medium reduced not only the budding process but also induced cells to form clusters. Figures from this experiment were added in Supplemental material (Fig. S3) . The effectiveness of PDI on the survival of biofilm cells is summarized in Figure 1 . The biofilm of C. albicans SC5314 (Fig. 1a) was inhibited approximately to the same level after 79, 120, and 300 s of light exposure, and differences among the tested samples were not statistically significant (P < 0.05). However, the differences in the survival of the control biofilm cells and those affected by MB and irradiated were extremely significant (P < 0.001). Biofilms of the FLC-resistant strain C. albicans CY 1123 manifested a lower inhibition after 79 s, but an additional two periods of irradiation (120 and 300 s) rapidly reduced the number of CFU compared to the control biofilm (P < 0.001, Fig. 1b) . The effect of the laser (300 s) on biofilms without MB was also tested, but no inhibition was observed (not shown). The effectiveness of MB on the strain CY 1123 cultivated without FLC was also tested. After illumination for 79 s and 120 s, 35.86% and 20.78% of biofilm cells survived, but the results were not significantly different to those when the strain CY 1123 was influented with 64 μg/ml (P > 0.05). However, when the strain CY 1123 was cultivated in the presence of FLC, only 5.89% of biofilm cells survived after a 300-s irradiation compared to the same strain cultivated without FLC (14.37%), thus the effectiveness of PDI was higher (P < 0.01). CLSM ( Fig. 2) showed that biofilm of C. albicans SC5314 was composed of vital hyphae (Fig. 2a) , and biofilm of C. albicans CY 1123 mainly contained the active yeast form (Fig. 2f) . After MB treatment in the dark, a minimal number of nuclei stained with PI were observed in the biofilm formed by both strains (Fig. 2b, 2g) . With a prolonged period of irradiation, the number of stained nuclei in the strain SC5314 was very similar (Fig. 2d, 2e) . A higher proportion of stained nuclei was again observed for CY 1123 after illumination for 120 and 300 s compared to the strain C. albicans SC5314 (Fig. 2i, 2j) . Light microscopy was in agreement with CLSM. Moreover, it proved that dead yeasts but also hyphae were completely colored with MB (Supplemental material, Fig. S2 ).
Discussion
Photodynamic therapy has primarily been successfully used for the treatment of tumors. 12 However, it has also been indicated to treat microbial infections in recent years. This modality targets various structures of the cell, hence decreases the chance of developing resistance. 24 An azole derivative compound FLC is commonly used in the prevention and treatment of the initial and later stages of superficial and systemic Candida infections. However, due to the prolonged FLC therapy of immunocompromised patients, FLC-resistant/tolerant strains have been isolated throughout the world. 17, 25 From this point of view, PDI seems to be a promising alternative approach for the eradication of microorganisms resistant to commercially used drugs. This work was a continuation of the previous research ofČernáková et al., 8 in which caspofungin-resistant biofilms of C. albicans and C. parapsilosis were successfully treated with a 1 mM MB irradiated with a red LED light. An irradiation was for 2.5 h (fluence 15 J/cm 2 ), which is a relatively long period. In order to achieve an inhibition of biofilm viability in a shorter time, this work studied the effectiveness of MB photoactivated with a laser. Moreover, experiments were performed on the C. albicans strain resistant to FLC. Prior to irradiation, the biofilm was incubated with 1 mM MB in the dark for 1 h. This step is important because PS can penetrate to the deeper layers of a biofilm and then irradiation is more efficient. 26 Selected concentration of MB maintained fitness of biofilms after 1-h preincubation; survival of biofilm cells was 97.90 and 96.11% for SC5314 and CY 1123, respectively. The results from PDI proved that while the effectiveness of MB on a biofilm formed by the C. albicans SC5314 did not differ with respect to the period of irradiation, the strain CY 1123 exhibited a time-dependent susceptibility.
The first tested period of irradiation (79 s) was designed to obtain a fluence of 15 J/cm 2 , the similar parameter like it was used in previous experiments ofČernáková et al. 8 In that study, the survival of biofilm cells was determined to be higher (62.98%) after red LED light illumination (2.5 h). After irradiation with red laser (79 s, fluence 15 J/cm 2 ), the effectiveness of PDI was significantly higher despite resistance of the strain CY 1123 to FLC. Only a few reports have published the effectiveness of PDI employing different PS on biofilm or planktonic isolates with azole resistance, but their conclusions were contradictory and without relevant explanations. 17, 18, 27 Our results suggested that PDI using laser as the source of irradiation can be highly effective not only against Candida biofilm but also against azole/FLC-resistant yeasts. Moreover, it is of interest that longer periods of laser illumination (120 and 300 s, fluence 23 and 57 J/cm 2 ) demonstrated a markedly decreased ability of the biofilm formed by the FLC-resistant strain CY 1123 to survive, while shorter period was less effective. A similar correlation between effectiveness and the period of irradiation with respect to the light source have already been described. 28 However, this trend was not proved for C. albicans SC5314. This observation was surprising. We suppose that the morphological form of C. albicans could play a very important role in PDI, maybe more important than resistance to FLC. This suggestion was supported by observations from optical and CLSM revealing that susceptibility of a biofilm to PDI seems to be also associated with the yeast to hyphae transition. An experiment focusing on the ability of both strains to switch from the yeast to the mycelial form shown that the FLC-resistant strain expressed a markedly reduced capacity to transform during cultivation without the presence of FLC, even though it was more suppressed when the strain was cultivated with FLC. A logical explanation is that the capability of PDI can be limited because of the presence of the mycelial form in biofilm. This hypothesis supports the results of the effectiveness of PDI on C. albicans SC5314, since prolonged duration of irradiation did not increase efficiency of PDI-biofilm was mainly composed of the mycelial form. Our research proved: (i) PDI was effective on biofilm formed by the C. albicans resistant to FLC, but it seems that resistance most likely did not play significant role in the susceptibility of biofilms to PDI; (ii) differences in susceptibility to PDI between biofilms composed of the mycelial form and only of the yeast form, while the yeast form was observed to be more sensitive; (iii) the employment of a laser in PDI enabled a decreasing period of irradiation while maintaining the high effectiveness of PDI.
Supplementary material
Supplementary data are available at MMYCOL online.
